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SUMMARY 

The goa l  of t h e  work conducted du r ing  t h i s  i n v e s t i g a t i o n  
w a s  t h e  des ign ,  c o n s t r u c t i o n ,  and ope ra t ion  of  an induc t ion  
hea ted  plasma dev ice  known as t h e  Combined P r i n c i p l e s  S imula tor  
(CPS). Th i s  dev ice  w a s  designed t o  be a s m a l l  scale induc- 
t i v e l y  hea ted  device  which s imulates  as n e a r l y  a s  p o s s i b l e  t h e  
major des ign  f e a t u r k  o f  t h e  G a s  Core Nuclear Rocket (GCNR) .l 
This  inc ludes  s o l i d  f eed ,  p r o p e l l a n t  s eed ing ,  p r o p e l l a n t  
i n j e c t i o n  through t h e  w a l l s ,  and a t r a n s p i r a t i o n  cooled ,  
choked flow nozz le .  The CPS c o n s i s t s  o f  a n e a r l y  s p h e r i c a l  
chamber approximately e i g h t  i nches  i n  d iameter  cons t ruc t ed  
from a permeable material  through which t h e  p r o p e l l a n t  i s  
in t roduced .  Posit5oned a t  t h e  i n l e t  end are t h e  s o l i d  f eed  
and p r o p e l l a n t  seed  devices .  The e x i t  end c o n s i s t s  of a 
t r a n s p i r a t i o n  cooled,  choked flow nozzle.  Th i s  assembly is 
placed  w i t h i n  a p r e s s u r e  s h e l l .  An induc t ion  c o i l  surrounds 
t h e  p r e s s u r e  s h e l l  and provides  power t o  s u s t a i n  a plasma 
b a l l  i n  t h e  c e n t e r  o f  t h e  chamber. As i n  t h e  GCNR, t h e  h o t  
plasma h e a t s  t h e  seeded p r o p e l l a n t  which i s  exhausted through 
t h e  nozz le  t o  provide  t h r u s t .  I n  t h e  CPS t h e  s o l i d  feed 
dev ice  i n j e c t s  sodium vapor i n t o  the  plasma reg ion  over  a 
range of f eed  rates. A d d i t i o n a l l y ,  a solid w i r e  i n j e c t o r  
w a s  designed and t e s t e d  which w i l l  r ep l ace  t h e  sodium f e e d e r  
i n  f u t u r e  work. A unique p r o p e l l a n t  s eed ing  i n j e c t o r  was 
designed which provides  f o r  uniform i n j e c t i o n  of  s o l i d  
p a r t i c l e s  a long  t h e  i n s i d e  of t h e  permeable w a l l .  The 
permeable w a l l  i s  semi-spherical  i n  shape and was cons t ruc t ed  
from AlSiMag 4 4 7 . 2  This  is  a c o r d i e r i t e  m a t e r i a l  which has  
r e l a t i v e l y  good thermal  p r o p e r t i e s  and i s  permeable a t  modest 
p r e s s u r e  d i f f e r e n t i a l s .  The nozz le  w a s  f a b r i c a t e d  from 
permeable g r a p h i t e  and w a s  cons t ruc ted  i n  such a way t h a t  
n e a r l y  uniform t r a n s p i r a t i o n  cool ing could  be obta ined  i n  
s p i t e  o f  t h e  seve re  p r e s s u r e  g rad ien t  through t h e  nozz le .  

This  dev ice  w a s  assembled and opera ted  under a v a r i e t y  
of o p e r a t i n g  c o n d i t i o n s  inc lud ing  p res su res  from 0 . 0 0 4  x lo5 
t o  4 . 9  x 1 0 5  N/m2;  p r o p e l l a n t  gas  flow from 9 . 8  t o  2 8 . 2  g/sec;  
s o l i d  f u e l  i n j e c t i o n  r a t e  from 0.0058 t o  0 . 0 2 7  g/sec;  and 
p r o p e l l a n t  t o  f u e l  r a t io s  from 445 t o  2700.  Success fu l  
o p e r a t i o n  w a s  achieved over  n e a r l y  t h e  e n t i r e  range of oper-  

, sting c o n d i t i o n s  t e s t e d .  



T h i s  device  w a s  designed and cons t ruc t ed  f o r  o p e r a t i o n  
i n  t h e  f u t u r e  a t  powers t o  1 5  MW. During t h i s  des ign  and 
cons t ruc t ion  phase,  l a b o r a t o r y  t e s t i n g  w a s  conducted t o  
8 0  kW f o r  system checkout .  

INTRODUCTION 

The G a s  Core Nuclear  Rocket has  a number of  unique 
design requirements .  I n  r e c e n t  y e a r s  -he TAFA Div i s ion  of 
Humphreys Corpora t ion  has  been involved i n  a number of 
programs t o  test  and r e f i n e  some of these f e a t u r e s .  The 
purpose of t h e  work r epor t ed  h e r e i n  w a s  t o  i n c o r p o r a t e  a l l  
of t h e  i n d i v i d u a l  i t e m s  t h a t  have been i n v e s t i g a t e d  by TAFA 
i n t o  a s i n g l e  u n i t  known as a Combined P r i n c i p l e s  S imula tor  
( C P S ) .  I t  w a s  recognized t h a t  t h e s e  v a r i o u s  components 

w e r e  n o t  f u l l y  developed or opt imized b u t  it w a s  b e l i e v e d  
t h a t  by b u i l d i n g  such a dev ice  it would be p o s s i b l e  t o  
e s t a b l i s h  which  a r e a s  were m o s t  c r i t i c a l  and t h e  o p e r a t i o n  
of t h e  dev ice  would r e v e a l  any unforeseen i n t e r a c t i o n s  
between t h e  components. The dev ice  w a s  designed t o  o p e r a t e  
a t  h i g h  powers, however, t h e  work conducted du r ing  t h i s  
s tudy w a s  l i m i t e d  t o  r e l a t i v e l y  l o w  power t o  a s s e s s  oper-  
a t i o n  of t h e  v a r i o u s  components and i n d i c a t e  any r e q u i r e d  
mod i f i ca t ions .  

A number of suppor t ing  experiments  were perfo.rmed t o  
ass is t  or  confirm t h e  des ign  p r i n c i p l e s  and materials 
s e l e c t i o n  c o n s i s t e n t  w i t h  t h e  o v e r a l l  philosophy of 
assembling an ope rab le  u n i t  w i t h  t h e  technology as it w a s  
p r e s e n t l y  known. 
i l y  as  sc reen ing  tes ts  t o  h e l p  se lec t  materials or  o b t a i n  
more d e t a i l  des ign  informat ion .  Opt imiza t ion  w a s  n o t  
attempted nor  w e r e  exhaus t ive  s t u d i e s  conducted i n  t h o s e  
a r e a s  where anomalies o r  unexpected r e s u l t s  occur red .  

These experiments  w e r e  conducted primar- 

It was a basic assumption i n  t h i s  work t h a t  f u t u r e  
t e s t i n g  a t  high powers would be  conducted on t h i s  device .  
Likewise, i t  w a s  assumed t h a t  f u r t h e r  development work 
would be done i n  those a r e a s  where incomplete  informat ion  
had t o  be used. 
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DESIGN OF THE COMBINED PRINCIPLES SIMULATOR 

A. Basic Design C r i t e r i a  

The basic design_ c r i t e r i a  of t h e  CPS inc luded:  a permeable 
w a l l ,  a s p h e r i c a l  o r  n e a r l y  s p h e r i c a l  chamber, p rov i s ion  for 
s o l i d  feed, p rov i s ion  for  p rope l l an t  seeding ,  a t r a n s p i r a t i o n  
cooled, choked flow nozz le ,  ope ra t ion  a t  2 1 . 7  x lo5 N / m 2 ,  and 
o p e r a t i o n  a t  1 5  MW. 

F igure  1 i s  an assembly drawing of t h e  CPS. A permeable 
w a l l  roughly s p h e r i d a l  i n  shape surrounds t h e  plasma reg ion  
and i s  conta ined  w i t h i n  an  o u t e r  p re s su re  vessel. The f u e l  
i n l e t - end  f l a n g e  provides  f o r  pene t r a t ion  o f  t h e  so l id  f u e l  
feed  mechanism and i n j e c t i o n  of t h e  seeding  f o r  t h e  p r o p e l l a n t  
gas  stream. The nozzle-end f l ange  suppor t s  t h e  nozz le  and 
provides  fo r  t r a n s p i r a t i o n  cool ing  and seeding  flow t o  t h e  
nozz le .  Adequate coo l ing  and space f o r  a l a r g e  c o i l  are 
provided f o r  h igh  power ope ra t ion .  
t h e s e  va r ious  components are d iscussed  i n  subsequent para-  
graphs.  

The des ign  d e t a i l s  of  

B .  Pressure  V e s s e l  

I n  order t o  m e e t  t h e  des ign  requirement of 2 1 . 7  x lo5 
N/m2 i n  the chamber, t h e  o u t e r  containment components of t h e  
CPS had t o  be designed t o  withstand even g r e a t e r  p r e s s u r e  t o  
allow f o r  t h e  p r e s s u r e  drop through t h e  permeable w a l l .  
Laboratory work i n d i c a t e d  t h a t  t h i s  p r e s s u r e  drop  would be  
approximately 8 .0  x lo5 N/m2 a t  t h e  a n t i c i p a t e d  w a l l  g a s  flow 
rates .  A c y l i n d e r  of  g l a s s  c l o t h  laminant  r e i n f o r c e d  
s i l i c o n e  p l a s t i c  t ub ing  w a s  chosen fo r  t h e  c e n t e r  s e c t i o n  of 
t h e  v e s s e l .  
e l e c t r i c a l l y  non-conductive. The end f l a n g e s  w e r e  f a b r i c a t e d  
from 5 c m  t h i c k  aluminum held  against  t h e  c y l i n d e r  by 
s i x  3.18 c m  diameter G10 f i b e r g l a s s  r e i n f o r c e d  epoxy t i e  
b o l t s .  
pos i t i oned  i n  t h e  c e n t e r  of t h e  in le t -end  f l a n g e  and t h e  
nozz le  assembly i s  pos i t i oned  i n  t h e  c e n t e r  of t h e  ex i t -end  
f l ange .  
ra te  of i n t r o d u c t i o n  o f  p r o p e l l a n t  w a l l  flow and t h e  s i z i n g  
of t h e  exhaus t  nozz le  t h r o a t .  

Th i s  component had t o  be g a s  t i g h t  and 

The s o l i d  feed and p r o p e l l a n t  seeding  dev ice  i s  

The p r e s s u r e  w i t h i n  t h e  vessel i s  c o n t r o l l e d  by t h e  
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T h i s  des ign  provides  f o r  convenient  assembly s i n c e  t h e  com- 
ponents can be added p i e c e  by p i e c e  t o  t h e  ex i t -end  f l a n g e .  
S ince  the f u e l  i n j e c t i o n  assembly can b e  e a s i l y  removed from 
t h e  top of t h e  CPS, convenient  i n s p e c t i o n  of t h e  i n s i d e  of t h e  
permeable w a l l  between runs  i s  p o s s i b l e .  F igu res  2 ,  3 ,  and 4 
show t h e  Combined P r i n c i p l e s  Simulator  i n  consecut ive  s t e p s  
of assembly. F igure  2 shows t h e  ex i t -end  f l a n g e  w i t h  t h e  
nozz le ,  t i e  b o l t s ,  and load  c o i l  f o r  r . f .  t e s t i n g  i n s t a l l e d .  
F igure  3 shows t h e  assembly a f t e r  t h e  permeable w a l l  has  been 
added. Note t h e  w a l l  hea t  s enso r  t h a t  i s  i n s t a l l e d  through 
t h e  lower  s e c t i o n .  The completed assembly w i t h  t h e  o u t e r  
s l eeve  and i n l e t - e n d  f l a n g e  i n  p l a c e  i s  shown i n  F igu re  4 .  
The coupl ing p i e c e s  f o r  t h e  s o l i d - f e e d  are convenient ly  added 
t o  t h e  i n l e t - e n d  f l ange .  

A l l  components of t h e  p r e s s u r e  v e s s e l  w e r e  selected t o  
provide a factor of s a f e t y  o f  a t  l eas t  f ive  a t  des ign  p res -  
s u r e s  and tempera tures .  The only  p o t e n t i a l  problem t h a t  can 
b e  a n t i c i p a t e d  is  ove rhea t ing  of  t h e  o u t e r  w a l l  because of 
i n s u f f i c i e n t  gas  flow through t h e  permeable w a l l .  S ince  t h e  
s t r e n g t h  of t h e  o u t e r  w a l l  d rops  ra ther  r a p i d l y  a t  e l e v a t e d  
temperature ,  it i s  proposed t h a t  a tempera ture  senso r  b e  
i n s t a l l e d  t o  monitor t h e  o u t s i d e  tempera ture  o f  t h e  permeable 
w a l l  p r i o r  t o  o p e r a t i o n  a t  high powers. 

C. Permeable I n n e r  Wall 

The permeable w a l l  of t h e  CPS s e r v e s  as  t h e  confinement 
region f o r  t h e  plasma and i s  probably t h e  most s i g n i f i c a n t  
t e s t  i t e m  i n  t h e  s imula to r .  S ince  energy i s  coupled i n t o  t h e  
plasma from an e l ec t romagne t i c  f i e l d ,  t h e  w a l l  mater ia l  must 
have a very high e lectr ical  r e s i s t i v i t y .  Due t o  t h e  sudden 
i n c r e a s e  i n  r a d i a n t  h e a t i n g  upon e s t ab l i shmen t  of  a plasma, 
t h e  m a t e r i a l  must have good thermal shock p r o p e r t i e s .  Uni- 
f o r m i t y  of pe rmeab i l i t y  is  necessary  t o  avoid  d i s t o r t i o n  of 
t h e  plasma and  t o  provide  coo l ing  of t h e  e n t i r e  w a l l .  

A permeable s i l i c a  should be  t h e  i d e a l  mater ia l  fo r  t h e  
permeable w a l l  due t o  i t s  e x c e l l e n t  e lec t r ica l  and thermal  
shock p r o p e r t i e s .  Unfo r tuna te ly ,  t h e  one source  of fused  
s i l i c a  foam l o c a t e d  du r ing  t h i s  program proved t o  have 
inadequate  pe rmeab i l i t y  t o  a l l o w  t h e  necessa ry  c o o l a n t  flow. 
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T h i s ,  coupled w i t h  t h e  extremely low h e a t  t r a n s f e r  c o e f f i c i e n t  
of  t h e  foam, caused l o c a l i z e d  melt ing on t h e  i n t e r i o r  s u r f a c e  
t o  occur  du r ing  t e s t i n g .  

The permeable w a l l  material used i n  t h e  CPS cons t ruc t ed  

T h i s  material  has 
f o r  t h i s  i n v e s t i g a t i o n  w a s  AlSiMag 447, a c o r d i e r i t e  mater ia l  
ob ta ined  from t h e  American Lava Company.2 
a thermal  expansion c o e f f i c i e n t  similar t o  s i l i c a  and has 
a p p r o p r i a t e  e lectr ical  p r o p e r t i e s .  
of AlSiMag 447 used f o r  l a b o r a t o r y  tests were supp l i ed  wi thou t  
any d i s c e r n a b l e  i n t e r n a l  c r acks .  Unfortunately,  c racking  of 
t h e  more complex shape f o r  t h e  CPS h a s  become a ve ry  seve re  
problem. 
b u i l t  up i n  t h e  material  dur ing  s i n t e r i n g  due t o  non-uniform 
d e n s i t y  i n  t h e  green pressed  shape. Repeated e f f o r t s  by t h e  
s u p p l i e r  have f a i l e d  t o  correct t h i s  problem. 
a t y p i c a l  w a l l  f a i l u r e .  
c r acks  t h a t  had been observed before  t h e  test .  A number of 
tests have been run  where no observable  c rack ing  took p l a c e  
and some o p e r a t i o n a l  data  us ing  t h i s  m a t e r i a l  i n  previous work 
i s  a ~ a i l a b l e . ~  I n  s p i t e  of these problems, t h e  AlSiMag 447 
cordierite material remains a reasonable  choice f o r  t h e  per- 
meable w a l l  of  t h e  CPS and has  been used fo r  a l l  meaningful 
tests.  

The r i g h t  c i r c u l a r  c y l i n d e r s  

The c racks  are be l i eved  t o  be  caused by stresses 

F igure  5 shows 
T h i s  f a i l e d  du r ing  Run 16 along 

D.  Permeable Nozzle 

F igu re  6 shows t h e  permeable g r a p h i t e  nozz le  designed 
fo r  use  w i t h  t h e  Combined P r i n c i p l e s  S imula tor .  The nozz le  
is  segrega ted  i n t o  three axial  flow plenums so t h a t  t h e  
p r e s s u r e  i n  each plenum can b e  matched t o  t h e  i n t e r n a l  p re s -  
s u r e  t o  provide  t h e  a p p r o p r i a t e  flow p a t t e r n .  
d iameter  of t h e  c u r r e n t  permeable nozz le  w a s  designed a t  
0 . 9 5  c m  inches  t o  provide  chamber p re s su res  s l i g h t l y  i n  
excess  of  4.46 x lo5 N/m2 u s ing  a v a i l a b l e  power s u p p l i e s  i n  
t h e  TAFA l a b o r a t o r y .  

The t h r o a t  

E.  P rope l l an t  Seeding 

S ince  t h e  u l t i m a t e  des ign  o f  t h e  GCNR r e q u i r e s  pro- 
p e l l a n t  seeding  i n  t h e  boundary l a y e r  t o  i n t e r c e p t  t h e  high 
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r a d i a n t  energy f r o m  t h e  f u e l  r eg ion ,  a con t inu ing  e f fo r t  has  
been made i n  t h e  TAFA s i m u l a t o r  programs t o  r e f i n e  t h e  seeding  
system. T h e  CPS shown i n  F igu re  1 has p r o v i s i o n  f o r  p r o p e l l a n t  
seeding a long  t h e  permeable w a l l  and aga in  a t  t h e  e n t r a n c e  t o  
t h e  nozzle.  The v a r i o u s  problems involved i n  provid ing  a 
r a d i a t i o n  barrier have been approached from s e v e r a l  d i r e c t i o n s  
du r ing  t h i s  s tudy.  The goal of  t h i s  phase of  t h e  program w a s  
t o  provide approximately f i v e  p e r c e n t  by weight  of seed 
m a t e r i a l  i n  t h e  p r o p e l l a n t  flow. 

TAFA's  exper ience  on previous  programs has  been t h a t  it 
i s  e s s e n t i a l l y  imposs ib le  t o  force a seeded p r o p e l l a n t  f l o w  
through a porous membrane wi thou t  g e n e r a t i n g  blockages which 
d i s t u r b  t h e  flow un i fo rmi ty .  A s  a r e s u l t ,  s eed ing  i n j e c t i o n  
has involved feeding  a powder wi th  a carrier gas  stream through 
i n d i v i d u a l  s l o t s  t h a t  exhaus t  i n t o  t h e  plasma c a v i t y .  Even 
t h i s  scheme has  i t s  l i m i t a t i o n s ,  however, s i n c e  t h e  flow 
passages must be  ve ry  c a r e f u l l y  designed t o  avoid  blockages 
o r  non-uniform i n j e c t i o n .  I n  o r d e r  t o  avoid  t h e s e  problems 
t h e  powder feeding  s l o t  a t  t h e  i n l e t  of t h e  CPS w a s  developed 
t o  feed t h e  powder i n t o  t h e  i n n e r  c a v i t y  i n  a uniform 
manner. This  w a s  accomplished by f eed ing  t h e  powder and 
carrier gas i n t o  a c i r c u l a r  plenum which dec reases  i n  cross 
section uniformly from t h e  e n t r a n c e  t o  t h e  c l o s e d  end. The 
exhaust  from t h e  plenum i s  a s l o t  o f  a p p r o p r i a t e  s i z e  t o  
keep t h e  gas-seed mixture  a t  c o n s t a n t  v e l o c i t y  throughout  t h e  
l e n g t h  of t he  plenum. The r e s u l t i n g  flow p a t t e r n  i s  a uni -  
form s h e e t  o f  g a s  and seed  flowing o u t  of t h e  s l o t  normal t o  
t h e  p r o p e l l a n t  flow. The c u r r e n t  des ign  i n c l u d e s  t w o  plenums, 
each extending IT r a d i a n s  around t h e  circumference o f  t he  
f eede r .  T h i s  c o n f i g u r a t i o n  has  been ope ra t ed  i n s i d e  of  a 
c lear  q u a r t z  w a l l  f o r  o b s e r v a t i o n  and t h e  powder p a t t e r n  
i s s u i n g  from t h e  f e e d e r  w a s  ve ry  uniform. Th i s  technique  
could b e  modif ied by i n t r o d u c i n g  a d d i t i o n a l  powder f eed  
p o i n t s  i f  dense r  c o n c e n t r a t i o n s  of  seed mater ia l  are  r e q u i r e d .  
A s i m i l a r  p r o p e l l a n t  seeding  system i s  provided f o r  t.he pro- 
tect ion of t h e  nozz le .  

F. Fuel  I n j e c t o r  

The GCNR concept  r e q u i r e s  t h e  i n t r o d u c t i o n  of t h e  
uranium f u e l  i n t o  t h e  f i s s i o n i n g  f u e l  reg ion .  Seve ra l  
techniques are  be ing  cons idered  a t  t h e  p r e s e n t  t i m e .  
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The CPS has been designed and equipped t o  s i m u l a t e  t h e  uranium 
i n j e c t i o n  w i t h  t w o  d i f f e r e n t  t ypes  of s o l i d  feed  dev ices .  One 
i n t r o d u c e s  t h e  f u e l  i n  w i r e  form and t h e  second as a vapor 
i s s u i n g  from a hea ted  i n j e c t o r  t i p  t h a t  r e c e i v e s  material  i n  
t h e  so l id  form. The w i r e  feed device i s  shown i n  F igu re  7 .  
T h i s  i n c o r p o r a t e s  a si'mple v a r i a b l e  speed motor d r i v e  pro- 
p e l l i n g  t h e  w i r e  between two rollers from a s t o r a g e  reel .  
Downstream f r o m  t h e  d r i v e  wheels i s  a close f i t t i n g  gas  b a r r i e r  
which p reven t s  leakage f r o m  t h e  plasma chamber. F igure  8 shows 
t h e  screw feed  sodium e x t r u d e r  t h a t  i s  used as t h e  second 
s t anda rd  f u e l  sou rce  f o r  t h e  s imulator .  I n  t h i s  dev ice  sodium 
i s  extruded i n t o  a s m a l l  chamber i n  a tungs t en  t i p  which i s  
hea ted  by t h e  plasma. The r e s u l t i n g  vapor i s  r e l e a s e d  through 
an o r i f i c e  i n t o  t h e  plasma chamber. F igu re  1 shows t h i s  
f eede r  i n  p o s i t i o n .  The e l e c t r i c a l  i s o l a t i o n  and v a r i a b l e  
d e l i v e r y  speed f e a t u r e s  of t h e s e  two d e v i c e s  are t h e i r  most 
impor tan t  requirements .  

Ea r ly  work w i t h  so l id  f u e l  as t h e  source  f o r  t h e  plasma 
g a s  w a s  cen te red  around t h e  use  of sodium c h l o r i d e  vapor ized  
from a g r a p h i t e  c r u c i b l e .  Subsequently v a r i o u s  metals,  
i nc lud ing  sodium, conta ined  i n  a c r u c i b l e  i n  t h e  immediate 
v i c i n i t y  of  t h e  plasma w e r e  t r i e d .  These techniques  worked 
q u i t e  w e l l  when t h e  device w a s  exhaust ing v e r t i c a l l y  upward 
b u t  obvious ly  t h e  problem of molten material dropping o u t  
of t h e  ho lde r  would occur  i n  t h e  down f i r i n g  p o s i t i o n .  S ince  
it i s  envis ioned  t h a t  a l l  f u t u r e  work wi th  t h e  CPS w i l l  
u t i l i z e  down f i r i n g  of t h e  p rope l l an t  stream, t h e  f u e l  i n j e c -  
t o r s  developed f o r  t h i s  s t a g e  of t h e  p r o j e c t  had t o  be  
capable  of o p e r a t i n g  downward. 

The c u r r e n t l y  used technique  f o r  uranium f u e l  i n j e c t i o n  
i s  t o  in t roduce  t h e  uranium w i r e  through a boron n i t r i d e  t i p  
i n t o  t h e  c o r e  of t h e  plasma. A small q u a n t i t y  of c h l o r i n e  
gas  is passed around t h e  w i r e  t o  form uranium c h l o r i d e s  t h a t  
vapor i ze  a t  tempera tures  of about  873'K. This  is  s i g n i f i c a n t l y  
below t h e  v a p o r i z a t i o n  temperature  of about  4073'K f o r  
uranium. I f  c h l o r i n e  i s  n o t  used, t h i s  high me l t ing  p o i n t  
and v a p o r i z a t i o n  tempera ture  f o r  uranium p reven t s  t h e  formation 
of a vapor i n  t h e  plasma device.  In t h e  GCNR t h e  h igh  
tempera tures  du r ing  o p e r a t i o n  w i l l  circumvent t h i s  problem, 
however, t h e  i n j e c t i o n  of c h l o r i n e  does sugges t  an i g n i t i o n  
technique  a t  lower tempera tures .  
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In summary, two modes of fuel injection are available for 
the Combined Principles Simulator. One injects a metal in 
wire form with the addition of chlorine to produce a low 
temperature metal chloride. The second feeder is designed 
primarily for operation on sodium and utilizes a chamber 
heated by the plasma in which vapors are formed prior to 
injection into the plasma region. The latter device has been 
used for tests at pressures up to 4.9 x lo5 N/m2. 

G. Instrumentation 

The instrumentation utilized in this work was designed 
to accomplish four basic goals: 1) complete heat balance on 
the system, 2) measurement of thrust, 3) measurement of the 
propellant to fuel injection ratio, and 4 )  measurement of 
the fuel retention within the simulator. The detailed pro- 
cedures used in some of these measurements has been previously 
rep~rted.~ Figure 9 is a photograph of the thermometer and 
flowmeter panel adjacent to the CPS test stand. The various 
parts of the instrumentation system are described in the 
following paragraphs. 

The heat balance measurement is accomplished in the 
conventional manner of noting temperature rise and cooling 
water flow rate. Variable area type water flowmeters and 
bi-metallic spring type temperature sensors are used to make 
the required measurements. The heat balance includes flow 
and temperature rise measurements on the following five 
water cooling circuits. 

1) Oscillator in the r.f. power supply 

2 )  Coil and tank capacitors in the r.f. power supply 

3 )  Inlet flange of the CPS including seeding 
injector and fuel injector 

4) Nozzle seeding ring 

5) A water cooled insert used in place of the 
permeable transpiration cooled nozzle for 
checkout runs 
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There i s  also a water cooled ca lo r ime te r  f o r  measuring t h e  
h e a t  f l u x  on t h e  permeable w a l l .  The d .c .  p l a t e  power t o  t h e  
o sc i l l a to r  i s  taken  as t h e  i n p u t  power t o  t h e  system. The 
o sc i l l a to r  and c o i l  c i r c u i t  losses are  manually recorded 
dur ing  each of t h e  tes t  runs  b u t  t h e  remaining measurements 
are permanently recorded by photographing t h e  ins t rument  
panel .  The photographic record ing  a l so  i n c l u d e s  t h e  
chamber p r e s s u r e  and t h e  v o l t a g e  drop across t h e  o s c i l l a t o r  
c o i l .  

The t h r u s t  measurement i s  made by t h e  ins t rument  shown 
i n  F igu re  1 0 .  Th i s  i s  a vane arrangement which i s  i n s e r t e d  
i n t o  t h e  exhaus t  j e t  of t h e  nozzle .  Sensing i s  accomplished 
by a Revere E l e c t r o n i c s  p r e c i s i o n  s t r a i n  gauge* load  c e l l  
coupled t o  a Sa rgen t  m i l l i v o l t  recorder  f o r  readout .  The 
system is  calibrated i n  t h e  ope ra t ing  p o s i t i o n  by us ing  
s t anda rd  weights .  Good e l e c t r i c a l  i s o l a t i o n  and grounding 
p r a c t i c e s  have been e s t a b l i s h e d  and t h e  r eco rd ing  of  t h i s  
measurement can be  made wi thout  r . f .  i n t e r f e r e n c e  t h a t  has  
been experienced i n  previous e f f o r t s  t o  use  t h i s  same load 
cel l .  

For t h e  sodium f u e l  i n j e c t i o n  rate measurement, a 
mechanical coun te r  r eco rds  t h e  r o t a t i o n s  of t h e  sodium feed 
d r i v e  which can be converted i n t o  t o t a l  volume of m a t e r i a l .  
Run t i m e  is measured by a watch and recorded manually by 
t h e  in s t rumen ta t ion  o p e r a t o r .  Since t h e  weight  pe r  u n i t  
volume and t h e  diameter  of  t h e  feed passage are known, t h e  
d e l i v e r y  rate o f  sodium i s  a s t r a igh t fo rward  c a l c u l a t i o n .  
Many of  t h e  e a r l y  runs wi th  t h e  device w e r e  plagued wi th  
r.f.  feedback i n t o  t h e  v a r i a b l e  speed d . c .  d r i v e  which 
r e s u l t e d  i n  t h e  d r i v e  ope ra t ing  a t  f u l l  speed whenever t h e  
power supply w a s  t u rned  up t o  high vo l t age .  A sch.eme 
whereby t h e  pickup on each of t h e  r e t u r n  leads from t h e  
d.c. motor i s  shunted t o  ground through c a p a c i t o r s  has  
e l imina ted  t h i s  problem and t h e  d.c.  d r i v e  now o p e r a t e s  
r e l i a b l y  a t  any p r e s e t  speed. 

A c a l c u l a t o r  program h a s  been w r i t t e n  t o  combine a l l  of 
t h e  h e a t  ba l ance  and t h r u s t  measurement i n p u t s  and t o  pro- 
v i d e  a l l  of  t h e  d e s i r e d  run d a t a  in  a p p r o p r i a t e  form as  
ou tpu t s .  Th i r ty -n ine  i n d i v i d u a l  i n p u t s  a r e  used i n  t h e  

*Revere E l e c t r o n i c s  P r e c i s i o n  Load C e l l ,  Model USPI-.05-A. 
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program f o r  each of t h e  runs  made. N o t  a l l  o f  t h e s e  i n p u t s  
are used on each run  b u t  are  inc luded  i n  t h e  program t o  
maintain cons is tency .  The o u t p u t s  f r o m  t h e  program i n c l u d e  
percent  hydrogen i n  t h e  p r o p e l l a n t ,  p r o p e l l a n t  t o  f u e l  r a t i o ,  
t h r u s t ,  and en tha lpy  of t h e  g a s  a t  t h e  nozz le  t h r o a t  as 
determined by t h e  h e a t  ba lance  and as determined by t h e  
c r i t i c a l  flow c a l c u l a t i o n  assuming t h e  p r o p e l l a n t  t o  b e  a l l  
n i t rogen .  

S p e c t r a l  abso rp t ion ,  emiss ion ,  x-ray radiography,  and 
electrical  response have been i n v e s t i g a t e d  as  p o s s i b l e  
techniques i n  determining t h e  amount of  f u e l  r e t e n t i o n  i n  
t h e  plasma. Of these, t h e  t w o  most promising are radiography 
and c a r e f u l  monitor ing of t h e  e lec t r ica l  response.  

The x-ray radiography technique  invo lves  exposing f i l m  
by x-rays and examining t h e  r e s u l t a n t  f i l m  by a dens i tometer .  
Exposure t i m e s  are on t h e  o r d e r  of 1 - 1 / 2  minutes .  For 
v i s u a l  d i s c r i m i n a t i o n  on t h e  f i l m  there must be a t  least  
two percent  d i f f e r e n c e  i n  d e n s i t y  between t h e  area be ing  
examined and the  background. F igu re  11 shows t h e  r e s u l t  of  
a c a l c u l a t i o n  of a b s o r p t i o n  for  v a r i o u s  f u e l  l oad ings .  I t  
can be noted  t h a t  a t  about t h r e e  grams of uranium o r  g r e a t e r ,  
s u f f i c i e n t  abso rp t ion  would be experienced t o  make r ad io -  
graphy a t t r a c t i v e .  A s imple  p e r f e c t  gas thermodynamic 
c a l c u l a t i o n  f o r  t h e  f u e l  r eg ion ,  assuming uranium vapor a t  
6000°K, r e v e a l s  t h a t  i n  o r d e r  t o  achieve  t h e  i n d i c a t e d  
uranium load ing  a p r e s s u r e  o f  3 x l o 5  t o  5 x lo5 .N/m2 i s  
requi red .  Seve ra l  rad iographs  were made o f  an o p e r a t i n g  
plasma a t  1 x l o 5  N/m2 t o  demonstrate  t h e  technique .  
t he  p res su re  w a s  n o t  s u f f i c i e n t l y  h igh ,  q u a n t i t a t i v e  data 
cou ld  not  be obta ined  from t h e  photographs,  however, some 
d i sc r imina t ion  was observed which i n d i c a t e d  t h a t  meaningful 
data can be obta ined  by t h i s  t echn ique  a t  e l e v a t e d  p res -  
s u r e s .  

S ince  

I n i t i a l  examination of t h e  e lectr ical  response  of t h e  
system i n d i c a t e d  t h a t  t o o  much v a r i a b i l i t y  w a s  p r e s e n t  t o  
make meaningful measurements. Subsequent ly ,  w i th  r e f i n e -  
m e n t  of t h e  w i r e  f eed  t echn ique ,  t h e  electrical  measurements 
w e r e  s t a b i l i z e d  and may be  adequate  f o r  t h i s  measurement. 
P r e s e n t  p r a c t i c e  i s  t o  opt imize  t h e  p o s i t i o n  of  t h e  end of 
t h e  w i r e  feed dev ice  and t h e  w i r e  f eed  rate by observ ing  
t h e  e l e c t r i c a l  response.  E i t h e r  t o o  r a p i d  o r  too s l o w  
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a feed  ra te  causes  i n s t a b i l i t i e s  and a r e s u l t a n t  i n c r e a s e  i n  
r . f .  c u r r e n t .  

H .  T e s t  F a c i l i t y  

- 
The plasma tests desc r ibed  i n  t h i s  report w e r e  conducted 

us ing  a Lepel 189  kW r . f .  power supply loca ted  i n  t h e  NASA 
tes t  bay a t  TAFA. A s p e c i a l  rack  wi th  heavy d u t y  suppor t s  
w a s  cons t ruc t ed  t o  suppor t theCPS i n  t h e  co i l  and t h e  f u e l  
feed dev ice  on a s h e l f  above. The exhaust  from t h e  dev ice  i s  
downward from t h e  tes t  a r e a  i n t o  a t r a n s i t e  l i n e d  1 5 . 2 4  c m  
d iameter  p i p e  t h a t  exhaus ts  through a v e n t  i n  t h e  r o o f .  A 
s p e c i a l  flowmeter and thermometer panel  w a s  cons t ruc t ed  t o  
provide  f o r  more s a t i s f a c t o r y  photographic record ing  of t h e  
data d u r i n g  each run.  The overall l a y o u t  of t h e  f a c i l i t y  
i s  shown i n  F igure  1 2 .  The power supply  i s  opera ted  from a 
s t a t i o n  j u s t  o u t s i d e  of t h e  doorway t h a t  i s  apparent  i n  t h i s  
photograph. 

I .  Sa fe ty  

The s a f e t y  equipment u t i l i z e d  du r ing  t h e  runs  on t h i s  
c o n t r a c t  inc luded  s e v e r a l  new items. The mechanical pos i -  
t i o n e r  f o r  i g n i t i o n  shown i n  Figure 13  w a s  designed s p e c i f -  
i c a l l y  f o r  t h e  CPS program. W i t h  t h e  boom mounted on t h e  
t o p  and w i t h  t h e  g r a p h i t e  rods  pointed downward, t h e  i g n i t o r  
i s  a p p r o p r i a t e  f o r  t e s t i n g  work on dev ices  exhaus t ing  
v e r t i c a l l y  upward. With t h e  boom on t h e  bottom and t h e  
g r a p h i t e  rods  poin ted  upward, t h e  dev ice  i s  a p p r o p r i a t e  - for  
a tmospheric  p r e s s u r e  s t a r t  of t h e  CPS. I n  both  cases t h e  
o p e r a t o r  need touch only  t h e  frame of t h e  i g n i t o r  which i s  
completely grounded and o f f e r s  complete p r o t e c t i o n  a g a i n s t  
e lectr ical  shock. 

Transparent  b a r r i e r s  are  pos i t ioned  around the  CPS t o  
prevent  acc identa l  c o n t a c t  w i t h  t h e  c o i l .  Add i t iona l ly ,  a 
f l a s h i n g  r e d  l i g h t  is  energ ized  whenever t h e  r.f. power. 
supply is on t o  v i s u a l l y  a le r t  a l l  personnel  i n  t h e  area. 
A 3/4 i n c h  t h i c k  p l e x i - g l a s s  explosion barr ier  i s  pos i t i oned  
between t h e  CPS and t h e  o p e r a t o r s  du r ing  p r e s s u r e  tests o r  
a t  any o t h e r  t i m e  there i s  a p o s s i b i l i t y  of  r u p t u r e .  
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A hydrogen purge system designed t o  au tomat i ca l ly  purge 
t h e  hydrogen feed l i n e s  i n  case of plasma ext inguishment  
d u r i n g  a run  has  been i n s t a l l e d .  Th i s  system i s  wired t o  
s h u t  o f f  t h e  hydrogen and purge t h e  system wi th  n i t r o g e n  if 
t h e  r . f .  power supply goes o f f  o r  if t h e  manual purge swi tch  
i s  depressed. The system i s  a l so  i n t e r l o c k e d  so t h a t  hydrogen 
can be fed  i n t o  t h e  t o r c h  on ly  when t h e  r . f .  power supply i s  
opera t ing .  With t h i s  group of  s a f e t y  items, it i s  f e l t  t h a t  
t h e  high frequency o p e r a t i o n  of  the  CPS i s  completely safe .  

LABORATORY TESTS 

A. P r o p e l l a n t  Seeding S t u d i e s  

A new approach t o  p r o p e l l a n t  seeding  w a s  t aken  du r ing  
t h i s  program based on t h e  assumption t h a t  t h e  i n t r o d u c t i o n  
of hardware i n t o  t h e  w a l l  of t h e  n u c l e a r  rocket fo r  seeding 
i n j e c t i o n  would be  very  d i f f i c u l t .  Th i s  work involved an 
i n v e s t i g a t i o n  of  seed mater ia l  i n t r o d u c t i o n  i n  t h e  form of  
a gas .  The idea w a s  t o  i n j e c t  a g a s ,  such a s  methane, 
through t h e  permeable w a l l  which would d i s s o c i a t e  i n t o  
hydrogen and carbon as it w a s  exposed t o  t h e  r a d i a t i o n  from 
t h e  plasma. The hydrogen atoms p r e s e n t  would add t o  t h e  
p r o p e l l a n t  flow and t h e  carbon would provide  an  i d e a l  
i n t e r c e p t o r  f o r  t h e  r a d i a t i o n  and produce t h e  d e s i r e d  h e a t i n g  
of the  p r o p e l l a n t  g a s  stream. 

Operation of  a clear w a l l  dev ice  a t  approximately 20  kW 
w i t h  an argon-ni t rogen plasma w a s  e s t a b l i s h e d  and then  a f e w  
percent  of methane w a s  in t roduced  i n t o  t h e  gas  flow. During 
argon-ni t rogen plasma o p e r a t i o n  t h e  b r i g h t  co lo red  arc zone 
was approximately one inch  i n  d iameter  and e i g h t  i nches  long. 
When t h e  methane w a s  i n t roduced ,  t h e  r a d i a t i n g  r eg ion  com- 
p l e t e l y  f i l l e d  t h e  t o r c h  and t h e  v i s i b l e  l i g h t  i n t e n s i t y  as 
recorded on a photographic  l i g h t  m e t e r  i n c r e a s e d  by a factor  
of seven. A s i m i l a r  series of tests w a s  run  us ing  a metal  
w a l l  to  q u a l i t a t i v e l y  measure t h e  r a d i a t i o n  f r o m  t h e  arc.  
The heat  ba lance  measurements showed t h a t  t h e  heat t r a n s -  
m i t t e d  t o  t h e  metal w a l l  w e n t  up when methane w a s  in t roduced .  

The s u r p r i s i n g  r e s u l t  w i t h  methane l e d  t o  an  i n v e s t i -  
ga t ion  of  t h e  e f f e c t i v e n e s s  of p r o p e l l a n t  seeding  w i t h  
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s o l i d s  i n  p r o t e c t i n g  t h e  w a l l .  T h i s  was accomplished us ing  
t h e  test  specimen ho lde r  shown i n  F igu re  14. I n  t h i s  c a s e ,  
6 .35 c m  d i ame te r  samples of AlSiMag 447 w a l l  m a t e r i a l  w e r e  
mounted i n  a w a t e r  cooled f i x t u r e  so t h a t  t hey  could  b e  
t r a n s p i r a t i o n  cooled and subjec ted  t o  a high h e a t  f l u x  
plasma flame. By viewing t h e  test  from t h e  side, it was 
p o s s i b l e  t o  observe how t h e  f l o w  through t h e  permeable sample 
kep t  t h e  tes t  flame away from t h e  w a l l .  With no seeding  
p r e s e n t ,  it was found t h a t  t h e  s u r f a c e  o f  t h e  ceramic d i d  
n o t  s ta r t  t o  m e l t  u n t i l  t h e  v i s i b l e  i o n i z a t i o n  zone of t h e  
plasma came i n  c o n t a c t  w i th  t h e  m a t e r i a l .  F u r t h e r  tests 
were conducted w i t h  t h e  a d d i t i o n  of powder seeding  i n t r o -  
duced a c r o s s  t h e  f a c e  of t h e  permeable w a l l  i n  a c o n f i g u r a t i o n  
shown i n  F igure  15. A dense cloud of f i n e l y  d iv ided  tungs t en  
powder was used as t h e  seed m a t e r i a l .  Unexpectedly t h e  
t es t  sample melted d i r e c t l y  behind t h e  seeding  stream whereas 
t h e  o t h e r  p a r t s  of t h e  sample were n o t  a f f e c t e d .  Evidence 
of me l t ing  of t h e  sample can b e  seen i n  t h e  photograph 
(F igu re  1 5 ) .  As shown i n  F igu re  1 6 ,  it was noted t h a t  t h e  
seeding flow became b r i l l a n t l y  r a d i a t i v e  du r ing  t h e  exper i -  
ment ,  as had been t h e  case w i t h  t h e  e a r l i e r  tests wi th  
methane i n  t h e  plasma. Another s e r i e s  of  tests w e r e  con- 
duc ted  u s i n g  carbon p a r t i c l e s  as t h e  seed.  S i m i l a r  r e s u l t s  
w e r e  ob ta ined  inasmuch a s  when a dense cloud of m a t e r i a l  
w a s  i n j e c t e d  t h e  seeding flow appeared b r i g h t e r  than  t h e  
plasma flame. When t h e  amount of seeding  m a t e r i a l  be ing  
i n j e c t e d  was reduced, t h e  seeding f low took on a c o o l e r ,  
more c h a r a c t e r i s t i c  yel low c o l o r  f o r  carbon. 

These obse rva t ions  i n d i c a t e  t h a t  t h e  r a d i a t i o n  l e v e l  
may become inc reased  by t h e  i n t r o d u c t i o n  of a dense seeding  
c loud  of p a r t i c l e s .  It  i s  apparent  t h a t  t h e r e  a r e  a 
number o f  unanswered q u e s t i o n s  i n  t h i s  a r e a  and a d d i t i o n a l  
s tudy  i s  r e q u i r e d  t o  understand and c o n t r o l  t h e  observed 
phenomena. 

B. Uranium Plasma T e s t s  

One of t h e  g o a l s  of t h i s  study w a s  t o  o p e r a t e  a 
uranium plasma. A number of experiments u t i l i z i n g  d e p l e t e d  
uranium powder and uranium w i r e  0.274 c m  i n  diameter w e r e  
conducted i n  which an a t tempt  was made t o  vapor i ze  t h e  
meta l  d i r e c t l y  i n t o  t h e  plasma. I n  one series of experiments ,  
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p i e c e s  of w i r e  approximately 1 . 9 1  c m  long  were i n s e r t e d  i n t o  
a boron n i t r i d e  ho lde r  l o c a t e d  so t h a t  t h e  t i p  of t h e  ho lde r  
w a s  i n  a plasma o p e r a t i n g  i n  a v e r t i c a l l y  upward p o s i t i o n .  
I t  w a s  p o s s i b l e  t o  heat t h e  uranium s u f f i c i e n t l y  t o  o b t a i n  
melt ing b u t  as soon a s  me l t ing  took  p l a c e  t h e  material tended 
t o  run  down over  t h e  edge of t h e  boron n i t r i d e  ho lde r  and 
no apparent  v a p o r i z a t i o n  took p l ace .  T h i s  exper ience  can b e  
a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e r e  i s  a l a r g e  l i q u i d o u s  regime 
f o r  uranium meta l .  The mel t ing  p o i n t  i s  r e p o r t e d  a t  
approximately 1405'K whereas v a p o r i z a t i o n  does n o t  occur  
u n t i l  4 0 9 1 ' K .  

I n  o r d e r  t o  o b t a i n  a molten pool  o f  uranium metal which 
could be brought  up t o  t h e  v a p o r i z a t i o n  tempera ture  ano the r  
series of experiments w a s  conducted i n  which uranium powder 
w a s  he ld  i n  a g r a p h i t e  c r u c i b l e .  The c r u c i b l e  w a s  p o s i t i o n e d  
i n s i d e  of a plasma dev ice  so t h a t  t h e  bottom of t h e  work c o i l  
provided some d i r ec t  h e a t i n g  t o  t h e  c r u c i b l e  and a d d i t i o n a l  
h e a t  was provided t o  t h e  uranium by t h e  r a d i a t i o n  and con- 
vec t ion  from t h e  plasma. I n  t h i s  case it w a s  imposs ib le  t o  
d e l i v e r  s u f f i c i e n t  energy t o  t h e  uranium t o  cause  me l t ing .  
I n  an  at tempt  t o  g e t  more energy i n t o  t h e  metal, a d.c.  arc 
was e s t a b l i s h e d  between t h e  s u r f a c e  of  t h e  uranium and a 
carbon e l e c t r o d e  he ld  over  t h e  t o p  of t h e  c r u c i b l e .  T h i s  
provided s u f f i c i e n t  a d d i t i o n a l  energy t o  cause  me l t ing  and 
some vapor i za t ion  of uranium t o  occur .  Unfor tuna te ly ,  as 
soon as mel t ing  occurred  a t  t h e  f o o t  o f  t h e  d.c. arc,  t he  
arc wou ld  s h i f t  away from t h e  h o t  s p o t ,  m o s t  o f t e n  t o  t h e  
edge of t h e  c r u c i b l e ,  r e s u l t i n g  i n  coo l ing  o f  t h e  uranium 
and subsequent c e s s a t i o n  o f  mel t ing  and v a p o r i z a t i o n .  

S i n c e  uranium c h l o r i d e  has  a subl imat ion  tempera ture  of 
j u s t  over 873OK, a series of tests t o  de termine  i f  a uranium- 
c h l o r i n e  r e a c t i o n  could be used t o  vapor i ze  t h e  uranium w i r e  
f u e l  was conducted. The f i r s t  tests were made i n  a clear 
w a l l  device as shown i n  F igu re  1 7 .  The uranium w i r e  w a s  
h e l d  i n  a boron n i t r i d e  ho lde r  and an argon plasma e s t a b l i s h e d .  
Chlor ine was then  in t roduced  n e a r  t h e  uranium and v a p o r i z a t i o n  
occurred.  F igu re  1 8  shows t h e  argon plasma o p e r a t i n g  w i t h  
t h e  uranium w i r e  i n  p o s i t i o n .  F igu re  1 9  shows t h e  plasma 
dur ing  c h l o r i n e  i n j e c t i o n  and v a p o r i z a t i o n  of t h e  uranium. 
These two photographs are somewhat mis leading  inasmuch as 
t h e  uranium plasma does n o t  look as b r i g h t  as t h e  argon 
plasma. T h i s  obse rva t ion  i s  i n  error s i n c e  t h e  uranium 
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plasma r a d i a t e s  s i g n i f i c a n t l y  greater than  argon. The d i f f e r -  
ence i n  t h e  photographs i s  due t o  t h e  s e l e c t e d  a p e r t u r e  and 
s h u t t e r  speed of t h e  camera. 

A series of tests w a s  made t o  s u b s t a n t i a t e  t h e  presence  
of uranium i n  t h e  plasma genera ted  by t h e  above technique .  
F igu res  20-22 show a p p r o p r i a t e  po r t ions  of spec t rometer  t r a c e s  
gene ra t ed  by looking  a t  a spot less than 1 cm i n  d iameter  i n  
t h e  c e n t e r  of t h e  plasma. F igure  20 shows t h e  t race of an  
argon plasma ope ra t ing  a t  1 9  kW p l a t e  power w i t h  a boron n i t r i d e  
f u e l  h o l d e r  i n s t a l l e d .  F igure  21 shows an  a rgon-chlor ine  
plasma a t  t h e  same spec t rometer  s e t t i n g s  and w i t h  t h e  power 
a t  19.3 kW. I t  can be  noted t h a t  t h e  c h l o r i n e  does n o t  
produce any s i g n i f i c a n t  l i n e s  i n  t h i s  p o r t i o n  o f  t h e  spectrum. 
The t w o  s t r o n g  calcium l i n e s  come from an impur i ty  i n  t h e  
boron n i t r i d e  t h a t  i s  vaporized by t h e  c h l o r i n e .  F igure  22 
shows an  argon-chlorine-uranium plasma a t  1 8 . 9  kW. A 
m u l t i t u d e  of uranium l i n e s  are apparent  w i t h  b o t h  n e u t r a l  
and ion ized  s p e c i e s  r ep resen ted .  The spec t rometer  s e n s i t i v i t y  
has been reduced t o  4 0  percen t  of t h e  prev ious  s e t t i n g  f o r  
t h i s  trace and it i s  appa ren t  from t h e  inc reased  continuum 
and uranium l i n e s  t h a t  a high l e v e l  of i on ized  uranium w a s  
p r e s e n t  i n  t h e  plasma. 

Add i t iona l  tests have been run  w i t h  i r o n  w i r e  and 
c h l o r i n e  r e a c t i n g  i n  a plasma t o  produce an i r o n  vapor plasma. 
I n  t h i s  case t h e  plasma i s  coo l  enough so t h a t  there i s  no 
appa ren t  continuum r a d i a t i o n .  

C.  Combined P r i n c i p l e s  Simulator  T e s t s  

A t o t a l  of 35 runs  have been made w i t h  t h e  CPS con- 
s t r u c t e d  f o r  t h i s  s tudy .  T w e l v e  of these runs  i n c l u d e  
h e a t  ba l ance  and e l e c t r i c a l  measurements and are r e p o r t e d  
i n  Table I.  A l a r g e  number of a d d i t i o n a l  tests w e r e  run  
i n  checking o u t  v a r i o u s  a u x i l i a r y  items and have been 
d i scussed  i n  o t h e r  p a r t s  of  t h i s  repor t .  

Because t h e r e  i s  no requirement t o  o p e r a t e  t h e  CPS 
a t  subatmospheric p r e s s u r e s  and because normal plasma 
i g n i t i o n  i s  accomplished a t  one atmosphere, a l l  i n i t i a l  
experiments  w i th  t h e  CPS were conducted u t i l i z i n g  an 
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i g n i t i o n  technique  a t  one atmosphere. A number of d i f f i c u l t i e s  
w e r e  experienced dur ing  i g n i t i o n  i n  t h e  e a r l y  phases  of 
t e s t i n g  t h e  device .  
experienced dur ing  i g n i t i o n  and r e s u l t a n t  d i s t u r b a n c e  t o  t h e  
e l e c t r i c a l  c h a r a c t e r i s t i c s  r e s u l t e d  i n  cracked permeable w a l l s  
and e l e c t r i c a l  d i f f i c u l t i e s .  Attempts t o  a p p r o p r i a t e l y  
mount t h e  permeable w a l l  t o  provide  f o r  cushioning  and ex- 
pansion helped a l l e v i a t e  t h e  problems b u t  it became appa ren t  
t h a t  some i g n i t i o n  technique  would have t o  be u t i l i z e d  t h a t  
would m i n i m i z e  t h e  p r e s s u r e  p u l s e .  I t  w a s  a l so  d e s i r a b l e  
t h a t  t h e  i g n i t i o n  technique  developed b e  compatible  w i t h  
planned f u t u r e  t e s t i n g  of t h i s  dev ice  on a l o w  frequency 
power supply.  

The c h a r a c t e r i s t i c  p r e s s u r e  p u l s e  

The technique developed c o n s i s t s  of r educ in  t h e  pres -  
A s m a l l  s u r e  i n  t h e  CPS t o  approximately 0 . 0 0 4  x lo5 N/m 9 . 

flow of argon i s  used t o  ba lance  t h e  vacuum pumping r a t e  
and maintain a dynamic system a t  t h e  se t  p r e s s u r e .  A glow 
discharge  i s  then  genera ted  w i t h i n  t h e  t o r c h  c a v i t y  by 
u t i l i z i n g  t h e  t w o  aluminum end p l a t e s  as e l e c t r o d e s  and t h e  
r .f .  power i s  coupled i n t o  t h e  glow d i scha rge .  The f l o w  of 
gas  through the  permeable w a l l  i s  t h e n  i n c r e a s e d  and t h e  
power t o  t h e  end p l a t e  electrodes and vacuum pump s h u t  o f f .  
A s  t h e  p r e s s u r e  approaches one atmosphere t h e  coupl ing  on 
t h e  nozzle wh ich  i s  attached t o  t h e  vacuum pump .is removed 
and o p e r a t i o n  i s  e s t a b l i s h e d  a t  one atmosphere. For tests 
i n  excess  of one atmosphere,  t h e  g a s  f l o w  i s  simply i n c r e a s e d  
and t h e  nozz le  provides  an o r i f i ce  which restricts t h e  f l o w  
and causes a p r e s s u r e  bui ldup  w i t h i n  t h e  device. 

Subsequent t o  i g n i t i o n  t h e  CPS has  been opera ted  over 
a wide range of o p e r a t i n g  modes. Power,  p r e s s u r e ,  feed  
ra te  of t h e  f u e l  s imula t ing  material and d i f f e r e n t  g a s e s  
have been u t i l i z e d .  Table  I is  a compi la t ion  o f  t h e  d a t a  
acquired during t h e  s i g n i f i c a n t  tes t  runs .  

I n  reviewing Table I ,  it  can be  seen  t h a t  t h e  CPS can 
be  opera ted  over  a w i d e  range of o p e r a t i n g  parameters .  
Addi t iona l  work needs  t o  b e  done t o  op t imize  t h e  v a r i o u s  
components i n  t h e  system b u t  it is appa ren t  t h a t  t h e  b a s i c  
concept of a plasma be ing  f u e l e d  from a s o l i d  f eed  source  
and suspended i n  a chamber i n  which g a s  i s  f lowing through 
t h e  wa l l s  and be ing  exhausted through a choked flow nozz le  
has been demonstrated.  

16 



CONCLUSIONS 

The principle goal of this program to design, construct, 
and operate an induction heated device which includes the 
unique design principles of the Gas Core Nuclear Rocket has 
been accomplished. All of the experience gained in prior work 
which examined various components has been brought to bear on 
the design and operation of this Operation over a 
range of conditions has not presented any insurmountable pro- 
blems. While additional work needs to be conducted to 
optimize various components, it is believed that the successful 
operation of this device has confirmed the validity of the 
basic design principles involved. 
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PROPELLANT SEEDER? I 

SUPPORT 
FRAME’ 

NOZZLE 

SCALE: CM FIG. I 
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COMBINED PRINCIPLES SIMULATOR 

PARTIAL ASSEMBLY SHOWING BASE AND C O I L  

FIG. 2 
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COMBINED PRINCIPLES SIMULATOR 

PARTIAL ASSEMBLY SHOWING PERMEABLE WALL 

FIG. 3 
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COMBINED PRINCIPLES SIMULATOR 

COMPLETE ASSEMBLY 

FIG. 4 



COMBlN ED PRINCIPLES SIMULATOR 

TYPICAL FAILURE OF PERMEABLE W A L L  

F1G. 5 

2 4  



COMBINED PRINCIPLES SIMULATOR 

PREMABLE GRAPHITE NOZZLE 

FIG. 6 
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I 

WIRE FEED MECHANISM 
FOR 

COMBINED PRINCIPLES SIMULATOR 

FIG. 7 



D.C. DRIVE MOTOR 

DED ROD 

20cm TRAVEL) 

SODIUM FEED DEVICE 
FOR 

COMBINED PRINCIPLES SIMULATOR 

FIG88 
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FLOWMETER PANEL 

FO R 

COMBINED PRINCIPLES SIMULATOR TEST 

FIG. 9 

2 8  



THRUST MEASURING D E V I C E  
FOR 

COMB IN E 0 PRINCIPLES SIMULATOR 

FIG. 10 

2 9  
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I 

TEST FACILITY 

FOR THE 

COMBINED PRINCIPLES SIMULATOR 

( With S a f e t y  Shield Removed ) 

FIG. I2 
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PORTABLE D.C. IGNITOR 

FIG. 13 
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WATER COOLED TEST FIXTURE 

WITH PERMEABLE SAMPLE IN PLACE 

FIG. 14 

3 3  



PROPELLENT SEEDING TEST ASSEMBLY AFTER TEST 
(SOME MELTING OF PERMEABLE SAMPLE CAN BE NOTED) 

FIG. 15 
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PROPELLENT SEEDING TEST WITH TUNGSTEN 

FIG. 16 
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URANIUM P L A S M A  TEST DEVICE 

FIG. 17 



URANIUM PLASMA TEST DEVICE 

OP6:RATING WITH ARGON 

FIG. 18 
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URANIUM PLASMA TEST DEVICE 

OPERATING WITH URANIUM 

FIG. 19 
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